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Purpose: It is well established that spatial adaptation can improve visual acuity over time in the presence
of spherical defocus. It is less well known how far adaptation to astigmatic defocus can enhance visual
acuity. We adapted subjects to ‘‘simulated’’ and optically-induced ‘‘real’’ astigmatic defocus, and studied
how much they adapt and how selective adaptation was for the axis of astigmatism.
Methods: Ten subjects with a mean age of 26.7 ± 2.4 years (range 23–30) were enrolled in the study,
three of them myopic (average spherical equivalent (SE) ± SD: 3.08 ± 1.42D) and seven emmetropic
(average SE ± SD: 0.11 ± 0.18D). All had a corrected minimum visual acuity (VA) of log VA 0.0. For adap-
tation, subjects watched a movie at 4 m distance for 10 min that was convolved frame-by-frame with an
astigmatic point spread function, equivalent to +3D defocus, or they watched an unﬁltered movie but
with spectacle frames with a 0/+3D astigmatic trial lenses. Subsequently, visual acuity was determined
at the same distance, using high contrast letter acuity charts. Four experiments were performed. In exper-
iment (1), simulated astigmatic defocus was presented both for adaptation and testing, in experiment (2)
optically-induced astigmatic defocus was presented both for adaptation and testing of visual acuity. In all
these cases, the +3D power meridian was at 0. In experiments (3) and (4), the +3D power meridian was
at 0 during adaptation but rotated to 90 during testing. Astigmatic defocus was simulated in experi-
ment (3) but optically-induced in experiment (4).
Results: Experiments 1 and 2: adaptation to either simulated or real astigmatic defocus increased visual
acuity in both test paradigms, simulated (change in VA 0.086 ± 0.069 log units; p < 0.01) and lens-induced
astigmatic defocus (change in VA 0.068 ± 0.031 log units; p < 0.001). Experiments 3 and 4: when the axis
was rotated, the improvement in visual acuity failed to reach signiﬁcance, both for simulated (change in
VA 0.042 ± 0.079 log units; p = 0.13) and lens-induced astigmatic defocus (change in VA 0.038 ± 0.086 log
units; p = 0.19).
Conclusions: Adaptation to astigmatic defocus occurs for both simulated and real defocus, and the effects
of adaptation seem to be selective for the axis of astigmatism. These observations suggest that adaptation
involves a re-adjustment of the spatial ﬁlters selectively for astigmatic meridians, although the underly-
ing mechanism must be more complicated than just changes in shapes of the receptive ﬁelds of retinal or
cortical neurons.
 2011 Elsevier Ltd. All rights reserved.1. Introduction
Uncorrected myopia decreases visual acuity in correlation with
its amount (Raasch, 1995). However, visual acuity can slightly in-
crease over time after the correcting glasses have been taken off
– an effect related to contrast adaptation. It was ﬁrst described
by Pesudovs and Brennan (1993) who found an increase in visual
acuity of log MAR 0.039 after 90 min of adaptation in uncorrected
low myopes, tested with letter acuity charts at 3 m distance. Sim-
ilarly, Mon-Williams, Tresilian, Strang, Kochhar, and Wann (1998)
found a signiﬁcant increase in visual acuity in emmetropic sub-
jects, as tested with letter charts, after 30 min of adaptation to oph-ll rights reserved.
ingen.de (A. Ohlendorf).thalmic lenses of +1D. Also George and Rosenﬁeld (2004) tested
visual acuity with Landolt C’s before and after adaptation to defo-
cus (+2.50D, 120 min) in myopic and emmetropic subjects and
found a signiﬁcant increase in both groups. The ﬁnding was con-
ﬁrmed by Rosenﬁeld, Hong, and George (2004). In addition, these
authors showed that no changes in refraction occurred during
the adaptation period of 3 h and concluded that the effect must
be neuronal. The neuronal nature of the effect was further elabo-
rated by Webster, Georgeson, and Webster (2002) who demon-
strated adaptation to blurred images can make them look
sharper. They also found that only short exposure (3–6 s) is sufﬁ-
cient to generate a striking change in perception of the sharpness
of the test images. Artal et al. (2004) were the ﬁrst to show that
‘‘the eye is adapted to its own aberrations’’ since rotation of the
individual aberrations by 90with an adaptive optics system, keep-
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of visual acuity. A recent study Vera-Diaz, Woods, and Peli (2010)
demonstrated a high inter-individual variability of blur adaptation
across the spatial frequencies spectrum. Ohlendorf and Schaeffel
(2009) found a decay time constant for adaptation to myopic defo-
cus of approximately 2 min, after 10 min of adaptation. No adapta-
tion was found in the case of hyperopic defocus. While there is
already an extensive list of studies on adaptation to spherical defo-
cus, adaptation to astigmatism or ocular higher order aberrations
was not yet much studied until recently (Sawides, de Gracia, et
al., 2010, Sawides, Marcos, et al., 2010, Webster et al., 2009). Astig-
matism is the second common refractive error in the human eye
(Porter, Guirao, Cox, & Williams, 2001) and it could be expected
that the neuronal image processing machinery is optimally
adapted to extract maximal spatial information from astigmatical-
ly defocused retinal images. While Sawides, Marcos, et al. (2010)
and Webster et al. (2009) used stationary images to adapt subjects
to astigmatic defocus, we have used movies that were frame-by-
frame convolved with an astigmatic point spread function. Fur-
thermore, Webster et al. (2009) tried to quantify the subjective
impression of sharpness (‘‘fuziness’’) in astigmatically defocused
images after adaptation to similar images while we used a letter
chart. We compared calculated and optically-induced astigmatic
defocus to study spatial adaptation, assuming that interactions be-
tween ocular aberrations and optically-imposed defocus may
cause different levels of adaptation than just calculated images
presented in a ﬂat plane.2. Methods
2.1. Subjects
Ten subjects were enrolled in the study with an average age of
26.7 ± 2.4 years (range 23–30). Informed consent was obtained
from all subjects prior to the measurements and permission for
the study was obtained from the Ethics Commission of the Medical
Faculty of the University of Tuebingen. All subjects were subjec-
tively refracted prior to the experiments by a certiﬁed optometrist
(AO), using a letter chart at 6 m distance and trial lenses. Corrected
visual acuity was log VA 0.0 or better in the right eye (equivalent to
20/20; for a description of the unit of log VA, see below). Three sub-
jects were myopic (average SE ± SD: 3.08 ± 1.42D) and seven
were emmetropic (average SE ± SD: 0.11 ± 0.18D). Astigmatic
refractive errors were less than 0.50D in all subjects. Myopic sub-
jects were corrected with trial lenses (two subjects) or soft contact
lenses (one subject).2.2. Measurement of visual acuity
High contrast numbers charts, each line consisting of ﬁve single
numbers, were presented on a conventional computer monitor
(size: 17 in., angular subtense of 5  4, EIZO FlexScan T 68, Model
No. MA-1991) with a luminance of 96 cd/m2. Their sizes were cal-
culated for the test distance of 4 m, to match visual acuities rang-
ing from log VA 0.0 to log VA 0.9 in steps of 0.1 log units. The
advantage of a logarithmic scale is that the numbers are linearly
related to visual acuity. The unit ‘‘log VA’’ (the negative of log MAR)
was introduced by Bach and Kommerell (1998). Numbers were 5%
smaller than the equivalent size of a Landolt–C, as proposed by
Grimm, Rassow, Wesemann, Saur, and Hilz (1994). To reduce the
risk that characters were learned during the procedures, four dif-
ferent number combinations were generated for each acuity level
that were presented in random sequence. To minimize effects of
crowding, the minimum distance between the characters was20 min of arc (Whatham et al., 2006). A head rest was used to min-
imize the effects of head movements.
In case of lens-induced astigmatic defocus, visual acuity before
and after adaptation was measured with a +3D astigmatic lens and
a 3 mm artiﬁcial pupil in a trial frame. To measure visual acuity
with simulated defocus, defocused acuity charts were calculated
using ZEMAX 8.0 (ZEMAX Development Corporation, Bellevue,
USA) and the Liou–Brennan eye model (Liou & Brennan, 1997) with
a pupil diameter of 3 mm. The Liou–Brennan eye model uses as-
pheric corneal surfaces, as well as a gradient index lens model to
minimize aberrations and to optimize the quality of the image
on the retina. Exact ray tracing (solving Snell law at each ray-sur-
face intersection) through this optical model successfully repro-
duced the optical quality (spherical aberration and Modulation
Transfer Function) of a normal average human eye. It was consid-
ered by the authors to represent an ‘‘anatomically accurate’’ eye
model suitable for optical studies. The parameters of the model
(curvatures and asphericities, layer thicknesses and refractive indi-
ces) were entered into the ZEMAX lens editor by author JT. To sim-
ulate the astigmatic lens, a so called ‘‘XY paraxial’’ surface (which
acts as an ideal thin lens) was placed 10 mm in front of the corneal
vertex. This kind of surface allows changing the optical power in
the X and Y meridian without introducing further higher order
aberrations (it only adds Dioptres of defocus along the orthogonal
X and Y meridians). The object location (equivalent to the acuity
chart axial position) was placed at 4 m in front of the eye. Using
this lens editor conﬁguration, ZEMAX calculated a point spread
function (PSF) of the optical system (the object placed at 4 m, the
astigmatic lens in front of the eye, and the Liou–Brennan eye mod-
el) by tracing rays and by calculating the optical path difference of
them with respect to the chief ray, travelling through the center of
the entrance pupil, at the plane of the exit pupil of the eye. The PSF
could be used to convolve any object (introduced as an image ﬁle,
in this case the acuity chart with the adequate dimensions), using
the image simulation feature in the ZEMAX ‘‘analysis’’ menu.
A forced choice staircase protocol with decreasing logarithmic
steps was used. Each correctly identiﬁed character was scored
0.02 log units (as described by Mon-Williams et al. (1998)). Only
the right eye was examined, while the left eye was occluded during
the experiments. Room illumination was provided by four ﬂuores-
cent light tubes on the ceiling. Their spectrummatched roughly the
sun spectrum (although discrete emission peaks were certainly
present). Ambient illuminance in the test room was measured at
the height of the chinrest and was about 320 lux.
2.3. Adaptation to astigmatic defocus and experimental procedures
Adaptation to simulated and optically-induced astigmatic defo-
cus was studied in four experiments. In experiments (1) and (2),
changes in visual acuity were quantiﬁed which occurred during
adaptation to simulated (experiment 1) or lens-induced defocus
experiment 2). In these experiments, the power meridian of astig-
matic blur was at zero deg, both during adaptation and testing. In
experiments (3) and (4), the axis of the power meridian was in 90
for measuring the visual acuity and was at zero deg during adapta-
tion to simulated (experiment 3) and lens-induced (experiments 4)
defocus but ﬂipped to 90 during testing. Between each of the four
conducted experiments, the subjects had a break of 5 min.
During adaptation, the subjects watched a video-clip lasting
30 s (angular subtense 3.7  2.3 at a distance of 4 m) that was
played with Windows MediaPlayer 11 (Microsoft, Washington,
USA) in an endless loop, for a period of 10 min. The video was pre-
sented on the same monitor as the acuity charts used for measur-
ing visual acuity (Section 2.2).
To induce real astigmatic defocus, subjects wore a trial specta-
cle frame with an astigmatic trial lens. For adaptation to simulated
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matic point spread function, simulating +3D of astigmatism (as de-
scribed in Section 2.2; see also Fig. 1). Each single frame had to be
extracted using the freeware Animake (Cyberlab GmbH, Berlin,
Germany) and saved as an bitmap (bmp) ﬁle. The video-clip was
recomposed from the individual bmp ﬁles, using Windows Movie-
Maker (Microsoft, Washington, USA). Before the experiments
started, the subjects were instructed to keep their ﬁxation straight
on the monitor although ﬁxation was not directly measured.2.4. Statistics
Statistical analyses were performed with the statistics software
package JMP 4.0 (SAS Institute, Cary, USA). A two-way paired t-testFig. 1. Images of a single frame from the movie in focus (A) and the same frame
with simulated astigmatic defocus of +3.00 D in 0 (B). In the bottom, the OTF of the
defocused frame is shown (C).was used to calculate signiﬁcance levels in each conducted exper-
iment. The Tukey–Kramer HSD test was used to test signiﬁcance
levels, when different groups where compared.3. Results
3.1. Experiments (1) and (2) – contrast adaptation to simulated and
real astigmatic defocus
Visual acuity in astigmatically defocused number charts in-
creased both when the movie shown during the adaptation phase
was blurred by calculated or by real astigmatic defocus (Fig. 2).
When adaptation occurred to simulated defocus, visual acuity in-
creased by 0.086 ± 0.068 log units (pre-adaptation log VA: 0.76
± 0.10, post-adaptation log VA: 0.67 ± 0.12, p < 0.01), equivalent
to approximately four characters on the acuity chart, because each
correctly identiﬁed character scored 0.02 log units. When adapta-
tion occurred to real astigmatic defocus, visual acuity increased
by 0.068 ± 0.031 log units (pre-adaptation log VA: 0.59 ± 0.15,
post-adaptation log VA: 0.53 ± 0.17, p < 0.001), equivalent to
three characters on the acuity chart. There was no signiﬁcant dif-
ference between the amount of adaptation induced by simulated
and real astigmatic defocus (Tukey–Kramer HSD test, p > 0.1).
However, it was obvious that subjects had better visual acuity
when they read the numbers with real astigmatic defocus than
with simulated astigmatic defocus, both before and after the adap-
tation phase (Tukey–Kramer HSD test, p < 0.05 in both cases). Sim-
ulated astigmatic defocus degraded visual acuity more than real
astigmatic defocus. Table 1 below gives an overview over the mea-
sured visual acuities for each of these experiments.
3.2. Experiment (3) and (4) – speciﬁcity of adaptation for the axis of
astigmatism
As above, spatial adaptation was induced in the subjects by pre-
senting the movie astigmatically defocused (+3D at 0). Different
from experiments (1) and (2) above, the axis of astigmatism was
ﬂipped by 90 for the test phase. There was still a trend of an in-
crease in visual acuity even when the axis of astigmatism differed
(Fig. 3) but it did not reach signiﬁcance. It did not make a difference
if the movie was convolved with simulated astigmatism or when
real astigmatic defocus was imposed (simulated defocus: pre-
adaptation log VA: 0.53 ± 0.15; post-adaptation log VA:
0.50 ± 0.08; delta log VA 0.042 ± 0.078; p = 0.13; lens-induced
defocus: pre-adaptation log VA 0.37 ± 0.07; post-adaptation log -
VA 0.34 ± 0.10; delta log VA 0.04 ± 0.09, p = 0.19). However, sim-
ilar to experiments (1) and (2), the subjects saw generally better
with real than with simulated astigmatism, both before and after
the adaptation phase (Tukey–Kramer HSD test, p < 0.01 in both
cases).4. Discussion
That the human visual system can adapt to simulated (calcu-
lated) blur was already nicely illustrated by Webster et al.
(2002). It were also Webster et al. (2009) who found evidence that
the visual system can also adapt to astigmatic defocus and that this
adaptation is selective for the axis of astigmatism. Sawides, Mar-
cos, et al. (2010) used a 2AFC staircase procedure for the subjects
to match two stimuli until they appeared isotropic. They also
tested images showing objects of different size and shape that
were all astigmatically defocused by the same amount. Adaptation
to astigmatic blur was demonstrated in all cases. They also consid-
ered the possibility that adaptation to astigmatic blur could be due
to ‘‘ﬁgural after-effects’’. In our study, ‘‘Figural after-effects’’ can be
Fig. 2. Logarithm of visual acuity with simulated and real astigmatic defocus of +3D at 0, before (log VA pre) and after (log VA post) adaptation to the astigmatically
defocused movie over a period of 10 minutes. The hatched bars show the difference before and after adaptation (log VA delta). Error bars denote the standard errors of the
paired differences in visual acuity (⁄⁄ p < 0.01; ⁄⁄⁄ p < 0.001).
Table 1
Visual acuities measured before and after adaptation in all four experiments. The table shows log VA, its changes, as well as the signiﬁcance levels for the changes.
Log VA pre Log VA post Log VA delta p-Value
Experiment 1 0.76 ± 0.10 0.67 ± 0.12 0.086 ± 0.068 p < 0.01
2 0.59 ± 0.15 0.53 ± 0.17 0.068 ± 0.031 p < 0.001
3 0.53 ± 0.15 0.50 ± 0.08 0.042 ± 0.078 p = 0.13
4 0.37 ± 0.07 0.34 ± 0.10 0.04 ± 0.09 p = 0.19
Fig. 3. Logarithm of visual acuity with simulated and real astigmatic defocus of +3D at 90, before (log VA pre) and after (log VA post) adaptation to the astigmatically
defocused movie for 10 minutes. The hatched bars show the difference before and after adaptation (log VA delta). Error bars denote the standard errors of the paired
differences in visual acuity (log VA delta).
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pletely different from the test stimuli. In fact, adaptation was inde-
pendent from the spatial patterns in the movies and was readily
transferred to the test stimuli, the number charts.
We also compared adaptation in response to simulated and real
optical defocus, to ﬁnd out whether interactions of the imposed
optical defocus and the ocular aberrations could result in different
patterns of adaptation. Finally, similar to Sawides, Marcos, et al.(2010), we studied whether the induced adaptation was selective
for the axis of astigmatism.
4.1. Adaptation in local retinal areas and ﬁxation stability
In the case of simulated blur, the subjects watched the blurred
video-clip that subtended a small visual angle of about 3. The
scene around the display was not blurred. Therefore, to induce
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deﬁned retinal location. Although stable ﬁxation was facilitated by
using a chin/head rest and by instructing the subjects prior to the
experiments to maintain steady ﬁxation, there was no direct con-
trol via gaze tracker. Nevertheless, apparently ﬁxation was sufﬁ-
ciently stable since the observed improvement in visual acuity
following adaptation was similar for simulated and full-ﬁeld
lens-induced defocus (experiments 1 and 2, as well as experiments
3 and 4).
4.2. Dynamic range of adaptation
Comparing visual acuities with simulated and optically-induced
defocus, it is clear, that simulated defocus reduced visual acuity
more. This ﬁnding is in line with previous unpublished ﬁndings
from our laboratory, showing lower visual acuity if astigmatism
was simulated rather induced by lenses. Accordingly, one might
expect more adaptation when the movie was presented with sim-
ulated, rather than optically-induced astigmatism. A trend in this
direction was, in fact, observed (difference in log VA 0.08, when
the movie was convolved with an astigmatic point spread function,
and log VA 0.06, when the movie was watched through an astig-
matic lens) although this difference did not achieve signiﬁcance
(Tukey–Kramer HSD test, p > 0.1). Also Cufﬂin, Hazel, and Mallen
(2007) studied the potential ‘‘dose effect’’ of adaptation to spheri-
cal defocus, using +1D and +3D lenses, but found that adaptation
had a ceiling effect at +1D already. George and Rosenﬁeld (2004)
measured visual acuity with imposed defocus every 30 min over
a time period of 2 h. They observed an signiﬁcant increase in visual
acuity during the ﬁrst 90 min for myopic subjects, but no further
improvement thereafter. In emmetropic subjects, they observed a
saturation already after 30 min. In summary, while it is clear that
the human visual system can adapt to astigmatic defocus, the dy-
namic range of adaptation may need further studies.
4.3. Time courses of adaptation
We found a signiﬁcant increase in visual acuity after an adapta-
tion period of 10 min. Webster et al. (2002) demonstrated that
adaptation is subjectively experienced already after a few seconds,
although it lasts then also only fractions of a second. Sawides, Mar-
cos, et al. (2010) adapted the subjects for 2 min to the astigmatical-
ly blurred images and observed signiﬁcant contrast adaptation,
although it is not know how long it lasted. Ohlendorf and Schaeffel
(2009) found that watching a movie through a 3D positive lens for
10 min increases supra-threshold contrast sensitivity with a decay
time constant of about 2 min. Apparently, the adaptational changes
in contrast sensitivity can have time constants in the range of min-
utes – and it is of interest whether they (1) occur in the retina or
cortex (2) involve formation of new synapses and modiﬁcation of
afﬁnities of receptors and other changes the gains of signaling cas-
cades and (3) whether they involve changes in receptive ﬁeld sizes
or shapes of retinal neurons.
4.4. How could adaptation to astigmatism work, and where does it
occur?
Experiments (3) and (4) in this study have shown that adapta-
tion to astigmatic defocus is at least partially selective for the axis
of astigmatism. Webster et al. (2009) and Sawides, Marcos, et al.
(2010) had reached a similar conclusion, using a different experi-
mental paradigm. It is clear that adaptation to monochromatic
aberrations, like astigmatism, involves more than a re-adjustment
of the spatial ﬁlters in the retina. Assuming that the fovea is fo-
cused at the plane in the center of Sturm’s interval (with the point
spread function close to the circle of least confusion), there is nosense for receptive ﬁelds to become elliptical to adapt for astigma-
tism because the blur circles are spherical. However, with only
deviations from this plane of focus, changes in shape of the recep-
tive ﬁelds of retinal neurons could become useful – as long as the
defocus is consistently on one or the other side of the plane of the
circle of the least confusion. In reality, the focus ﬂuctuates contin-
uously and the line foci change their orientation – making shape
changes of the receptive ﬁelds ineffective. Nevertheless, Georgeson
and Sullivan (1975) had already studied how astigmatism might
effect adaptation to gratings in different orientations. They tested
contrast constancy for gratings after adaptation and proposed that
a visual stimulus is analyzed by different spatial ‘‘channels’’ which
are tuned to respond to different spatial frequency bands. Espe-
cially in astigmatic subjects they found contrast sensitivity was
orientation-selective and could be predicted from the axis of the
astigmatic error. In a contrast matching task where a stationary
vertical grating had to be matched in contrast to four rotatable
(vertical, horizontal and both oblique orientations) gratings, it
was found that 6 out of 11 subjects were more sensitive to low
contrasts in the power meridians of their astigmatism. Since recep-
tive ﬁelds in the ganglion cells in the retina are circular and there-
fore probably not orientation selective, this argues for adaptation
to astigmatism as a cortical process.
Although extensive reviews are available on the possible retinal
mechanisms underlying contrast adaptation (e.g. Demb (2008)),
more studies are necessary to ﬁnd out how much of the spatial
adaptation observed in this study actually occurs in the retina, ver-
sus in the cortex. Mon-Williams et al. (1998) observed some inter-
ocular transfer of contrast adaptation suggesting a cortical site of
contrast adaptation. On the other hand, simultaneous recordings
of PERGs and PVEPs (Heinrich & Bach, 2001) provided electrophys-
iological evidence that also the retina can adapt to contrasts. Test-
ing the effect of stimulus orientation on contrast adaptation, the
authors found no differences in the PERG, but in the VEP. Recent
in vitro studies in the retina, using microelectrode arrays, showed
an overwhelming complexity of spatial adaptation (Gollisch &
Meister, 2010). It could be that also adaptation to optical aberra-
tions may occur at the level of the retina to a larger extend than
previously thought.
Another question is whether the high spatial resolution channel
in primates, the P-pathway, is governing contrast adaptation. How-
ever, Solomon, Peirce, Dhruv, and Lennie (2004) found contrast
adaptation at the level of the LGN in magnocellular (M) cells only
– different from those expectations.
4.5. Are changes in refraction and choroidal thickness involved?
Rosenﬁeld et al. (2004) tracked refractive state over a 3 h adap-
tation phase in 22 uncorrected myopic subjects and found no
change. They may have been the ﬁrst to explicitly state adaptation
must be neuronal and cannot be optically driven. Recently, Read,
Collins, and Sander (2010) found tiny changes in choroidal thick-
ness in human subjects after a 1 h exposure to positive (+3D) or
negative (3D) spherical defocus, both in emmetropic and myopic
subjects. However, the magnitude of the observed changes (posi-
tive defocus: 13 ± 14 lm; negative defocus: +8 ± 14 lm, equiva-
lent to about 0.025D, or a tenth of the depth of focus of the
human eye (Campbell & Weir, 1953) precludes that they had any
relevant effect on visual acuity.
4.6. Effects of perceptual learning on visual acuity
It is well established that perceptual learning can increase vi-
sual acuity (Fahle, 1997) as well as contrast sensitivity (Astle,
Webb, & McGraw, 2010) in subjects with normal vision. It must
be considered that perceptual learning, rather than adaptation to
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sual acuity.
The experimental protocol included randomization of the tem-
poral sequence of the presentation of four different acuity chards.
Furthermore, a signiﬁcant increase in visual acuity was observed
only when the adapted and tested axes of astigmatism were
matched, not when they were ﬂipped by 90. If perceptual learning
would have accounted for the increase in visual acuity, an
improvement should have been seen in all cases. Second, the
adapting stimulus (a movie) differed fundamentally from the test
stimulus. In previous studies on the effects of perceptual learning
on visual acuity, the stimuli for training and testing were very
similar or identical. Furthermore, the stimuli for training were
presented several hundred times to achieve an improvement – dif-
ferent from the procedures used in the current study.
4.7. Effects of the axis of astigmatism on visual acuity in letter charts
When astigmatic defocus was imposed at 0 (Fig. 2), visual acu-
ity was more reduced than with astigmatism at 90 (Fig. 3). In the
case of simulated defocus, visual acuity before adaptation was log -
VA 0.76 ± 0.09 when the power meridian was at 0, but was log -
VA 0.53 ± 0.10 with the power meridian at 90 (Tukey–Kramer
HSD test, p < 0.01). This difference was signiﬁcant also in the case
of optically-imposed defocus (0: log VA pre 0.59 ± 0.15; 90:
log VA pre 0.37 ± 0.07, Tukey–Kramer HSD test, p < 0.01). That vi-
sual acuity for letters or numbers is differently affected by different
axes of astigmatism was previously described by Atchison, Guo,
Charman, and Fisher (2009). In contrast, Remon, Tornel, and Furlan
(2006) found no effect of the axis of a given astigmatism on visual
acuity, using three different acuity tests (letter charts, Snellen-
charts and the FrACT-Test). More recently, Guo and Atchison
(2010) studied astigmatic blur detection thresholds in human
subjects (noticeable, troublesome and objectionable) using opto-
type letters, text and single letters. Testing three single optotypes,
the authors found signiﬁcant effects of the axes (blur detection
thresholds for the 0 axis were 20% lower than for the oblique axes)
as long as the experiment was conducted without correction of
the higher order aberrations of the eye. The differences seen in
this study are in line with previously published studies, but it is
clear that the test variables have also an effect (for instance,
whether crowding was considered, or exactly which letters were
used).
5. Conclusions
The human visual system adapts to both simulated and opti-
cally-induced astigmatic defocus. The adaptation is long-lasting
(minutes) and selective for the axis of astigmatism. It can be trans-
ferred from one stimulus to the next (in this case, adaptation oc-
curred in a movie, but visual acuity testing was in a letter chart).
The underlying image-processing algorithms are more complicated
than changes in orientation of elliptic receptive ﬁelds of retinal
neurons because the axes of the ellipses have to change with the
superimposed spherical defocus – basically, all the time.
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